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We search for a variation of the electromagnetic fine structure constant (α ≡ e2/~c) using a
sample of 58 SZ selected clusters in the redshift range (0.2 < z < 1.5) detected by the South Pole
Telescope, along with X-ray measurements using the XMM-Newton observatory. Following [1], we
use the ratio of the integrated Compto-ionization and its X-ray counterpart as our observable to
search for a variation of α. We search for a logarithmic dependence of α as a function of redshift:
∆α/α = −γ ln(1 + z), as predicted by runaway dilaton models. We find that γ = −0.046 ± 0.1,
which indicates that α is constant with redshift within 1σ. We also search for a dipole variation of
the fine structure constant using the same cluster sample. We do not find any evidence for such a
spatial variation.
I. INTRODUCTION
Ever since Dirac’s argument that the fundamental con-
stants of nature could vary with time [2], a number of the-
ories beyond General Relativity and the Standard Model
of Particle Physics have predicted the variation of funda-
mental constants, including the fine-structure constant
(α ≡ e2/~c) [3, 4]. Therefore, a plethora of searches
have been undertaken using both laboratory and astro-
physical observations to search for variations of α. For
theories which predict a variation of α, Einstein’s equiv-
alence principle is violated in the electromagnetic sector.
These theories usually involve coupling between the elec-
tromagnetic part of matter fields and scalar fields [5–8].
Another strong impetus in searching for a varying
α using different methods, comes from a claimed vari-
ation of α using quasar absorption systems [9] with
the Keck/HIRES and VLT/UVES telescopes. Subse-
quently, the same group also argued for a spatial vari-
ation in α at 4.2σ significance, which is consistent with
a dipole [10, 11]. The best-fit position of this dipole is at
RA=(17.5±0.9) hr and Declination=(−58±9)◦ [10, 11].
However, other groups have failed to confirm this re-
sult (eg. [12]), and a recent review summarizing results
from all these searches can be found in [4]. To con-
firm these findings with alternate probes, searches for
varying α have been carried out using a variety of astro-
physical/cosmological probes such as CMB [13, 14], Big-
Bang Nucleosynthesis [15], supermassive black hole at
the galactic center [16], white dwarf spectra [17], strong
gravitational lensing [18], and also Earth-based measure-
ments using the Oklo natural reactor [19] etc. All these
and other searches (see [4] for an up-to-date review of
latest observational results) have come up with null re-
sults, and failed to corroborate any claims for a variation
in α. However, given the positive claim from one group,
it is important to continue searching for a variation of α
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using multiple independent sources.
Here, we use galaxy clusters in testing for variations in
α. Galaxy clusters are the most massive, gravitationally
collapsed objects in the universe and have been proved to
be wonderful laboratories for studying cosmology, struc-
ture formation, galaxy evolution, neutrino mass, graviton
mass, various modified gravity theories etc [20–22]. In
the past two decades, a large number of galaxy clusters
have been discovered upto very high redshifts thanks to
multi-wavelength surveys in optical, X-ray, and Sunyaev-
Zeldovich (SZ, hereafter) at mm wavelengths which have
mapped out large-area contiguous regions of the uni-
verse. The first test for the variation of α using clus-
ter SZ observations was implemented by Galli [23], who
showed that the ratio of integrated Compto-ionization in
SZ (YSZ) to its X-ray counterpart (YX) varies as α
3.5.
This limit was set by calculating this ratio for a set of SZ
selected clusters detected by Planck (as part of the 2011
Early Planck Release [24]) along with XMM-Newton X-
ray observations. Holanda et al [25] showed that the
ratio of gas fraction from SZ and X-ray measurements
scales as α3, after assuming that a variation of α leads to
a violation of cosmic distance-duality relation (CDDR)
[26]. They compared the gas fraction measurements of
29 clusters in the redshift range 0.14 < z < 0.89 [27]
to constrain α variation at these redshifts. In a follow-
up work, Holanda et al [28] combined the angular di-
ameter distance of galaxy clusters along with luminosity
distance measurements from type Ia supernovae in the
redshift range 0.023 < z < 0.784 to constrain variations
in α. A similar idea was thereafter applied to the com-
bination of gas fraction measurements of Atacama Cos-
mology Telescope selected clusters in the redshift range
0.12 < z < 1.36 and type Ia supernovae [29]. Martino et
al [30] looked for spatial evolution of α from Planck SZ
data by looking for variations in the CMB temperature
as a function of redshift at the location of the clusters.
Colaco et al [1] (C19, hereafter) carried out a similar
analysis as in [23] by looking for variations in the ratio
of YSZ to YX as a function of redshift. The main differ-
ence with respect to [23], is that they assumed (similar
to [25, 28, 29]) that a variation in α also leads to a
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2violation of the CDDR. Motivated by runaway dilaton
models [31–33], C19 modeled the variation in α as a log-
arithmic function of the redshift. All these searches have
failed to find any evidence for variation of α.
In this work, we follow the same methodology as in
C19, to look for redshift-dependent variations of α, by
considering South Pole Telescope-selected clusters (with
joint X-ray and SZ observations) in the redshift range 0.2
≤ z ≤ 1.5. This spans a wider redshift range than in C19,
which looked for clusters with z < 0.5. With the same
dataset, we also look for a spatial variation in α. This
paper is organized as follows. The basic theory behind
the X-ray and SZ observables used for the analysis is
presented in Sect. II. Our model for the variation of α is
described in Sect. III. The dataset used for our analysis
is discussed in Sect. IV. Our results for time-varying and
spatial searches for α can be found in Sect. V and Sect. VI
respectively. We conclude in Sect. VII.
II. METHOD
The basic observable which we use for this work is the
dimensionless ratio of YSZ to YX (after suitable scalings).
More precise definitions will be given in forthcoming sub-
sections. Both YSZ and YX are different proxies for the
thermal energy of the cluster and are proportional to
cluster mass. Therefore, studying the relation between
the two is important for both astrophysics and cosmol-
ogy. Consequently, a large number of works [34–44] have
studied the scaling relations between YX and YSZ using
both data and simulations to characterize the systemat-
ics in the mass determination as well as any departures
from self-similarity. Here, we use this ratio to test for a
variation in α.
A. SZ effect
The thermal SZ effect refers to the distortion in the
CMB spectrum due to the inverse Compton scattering
between the hot gas present in the intracluster medium
and the CMB photons [45–48]. Since the SZ effect is a
spectral distortion, which is independent of redshift, it
has become a powerful probe to detect galaxy clusters
upto very high redshifts. In the past decade, there have
been three primary experiments: South Pole Telescope
(SPT) [49], Atacama Cosmology Telescope [50], and the
Planck satellite [51], which have carried out a blind SZ
survey to detect galaxy clusters upto very high redshifts.
We now discuss on how the SZ signal depends on α, for
which we follow the same outline as in C19.
The distortion measured in SZ experiments is propor-
tional to a parameter, called the Compton parameter y,
which is given by [46, 47],
y =
σT kB
mec2
∫
neTdl (1)
Here, kB is the Boltzmann constant, c is the speed of
light, me is mass of the electron, ne is the number density
of electrons, T is the electron temperature, and σT is the
Thompson scattering cross section which can be written
in terms of α as,
σT =
8pi
3
(
2
mec2
)2
=
8pi
3
(
~2α2
m2ec
2
)
(2)
Now, the integrated Compton parameter YSZ (over the
solid angle of a galaxy cluster) can be written as,
YSZ ≡
∫
Ω
ydΩ, (3)
where dΩ = dA/D2A. Assuming an ideal gas equation of
state given by P = nekBT , where P is the pressure of the
intracluster medium, one can combine Eq. 1 and Eq. 3
to obtain,
YSZD
2
A ≡
σT
mec2
∫
PdV (4)
Since σT ∝ α2 (cf. Eq. 2), we get
YSZD
2
A ∝ α2. (5)
If we model the variation in α as α(z) ≡ α0φ(z), where
α0 is the present value of α, the fractional variation in
α = α(z)− α0 is given by,
∆α
α0
= φ(z)− 1 (6)
Eq. 5 can then be re-written as
YSZD
2
A ∝ φ(z)2 (7)
B. X-rays
At high temperatures, gas present in the intraclus-
ter medium emits in X-rays mainly through thermal
bremsstrahlung process [20]. The thermal energy of the
gas can be parameterized by the YX parameter [52],
which can obtained from X-ray surface brightness ob-
servations and is given by,
YX = Mg(R)TX (8)
where TX is the X-ray temperature of the gas and Mg(R)
is mass of the gas within the radius R. Kravtsov et al [52]
have shown that YX is strongly correlated with the clus-
ter mass with an intrinsic scatter of about 5-8%, and
hence is a very robust proxy for the cluster mass.
The gas mass Mg(R) is scales with α as [1, 23, 53],
Mg(< θ) ∝ φ(z)−3/2DLD3/2A , (9)
where DL is the luminosity distance. From Eq. 9, we can
see that Mg(R) depends upon both DL and DA. Both
3of them are linked by CDDR, DL = (1 + z)
2DA [26]. As
shown in [54], any variation in α leads to a violation
of CDDR. Therefore, any variation in α is intertwined
with the violation of CDDR, which must be included in
any searches for variation of α [1]. Similar to C19, if
we parameterize a violation of CDDR using DL = η(z)
(1 + z)2 DA, then the variation of YX scales according
to,
YX ∝ φ(z)−3/2η(z) (10)
As argued in C19 (and references therein) for modi-
fied theories of gravity where the scalar field couples to
the electromagnetic sector and breaks the equivalence
principle, α(z) is related to η(z) according to α(z) =
η(z)2 [18, 54]. Therefore, Eq. 10 can be recast as
YX ∝ φ(z)−1 (11)
III. MODEL FOR α VARIATION
The dimensionless ratio of YSZD
2
A to YX can be com-
bined from Eq. 4 and Eq. 10 [23]
YSZD
2
A
YX
= CXSZ
∫
ne(r)T (r)dV
T (R)
∫
ne(r)dV
, (12)
where
CXSZ =
(
σT
mempµec2
)
≈ 1.416× 10−19
(
Mpc2
MkeV
)
(13)
The numerator and denominator in Eq. 12 are differ-
ent proxies for the thermal energy of the cluster. Simula-
tions [52, 55–59] show that the ratio in Eq. 12 is expected
to be a constant with redshift with a scatter of approx-
imately 15%. For clusters with isothermal or universal
temperature profile [60], this ratio should be exactly con-
stant with redshift and equal to unity [1, 23]. Therefore,
assuming no new Physics, there should not be any vari-
ation for this ratio as a function of redshift.
Following C19, we combine Eq. 7 and Eq. 11 to rewrite
the ratio in Eq. 12 in terms of the variation in α as,
YSZD
2
A
YXCXSZ
= Cφ3 (14)
where C is an unknown constant, which encapsulates all
the cluster astrophysics in the ratio in Eq. 12. A value
of C close to one indicates that the cluster gas has an
isothermal profile. Similar to C19 (see also [25, 28, 29]),
we use runaway dilaton models [31–33] to parameterize
the variation in φ as
φ(z) = 1− γ ln(1 + z) (15)
or equivalently the fractional variation in α can be writ-
ten as
∆α
α
= −γ ln(1 + z) (16)
Therefore, the relation in Eq. 14 now becomes
YSZD
2
A
YXCXSZ
= C(1− γ ln(1 + z))3 (17)
We now search for this trend with redshift using the SPT
data.
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FIG. 1: The observed values of YSZ D
2
A / CXY Z YX for the
SPT galaxy cluster sample together with X-ray measurements
from XMM-Newton observations [61].
IV. SPT CLUSTER SAMPLE
For this work, we use joint X-ray and SZ data for 58
SPT galaxy clusters [61]. The SZ data have been ob-
tained by SPT, which is 10 m telescope at the South
Pole, that has imaged the sky at three different frequen-
cies, viz. 95 GHz, 150 GHz and 220 GHz [49]. SPT
carried out a 2500 square degree survey between 2007
and 2011 to detect galaxy clusters using the SZ effect.
This SPT-SZ survey detected 516 galaxy clusters with
mass threshold of 3 × 1014M upto redshift of 1.8 [62].
Detailed properties of the SPT clusters (confirmed un-
til 2015) are discussed in [62]. Their redshifts have been
obtained using a dedicated optical follow-up campaign,
consisting of pointed spectroscopic and photometric ob-
servations [63–65], and also using data from surveys map-
ping out contiguous regions of the sky such as BCS [66]
and DES [67]. For every SPT cluster, YSZ has been es-
timated by averaging in a cylindrical volume within an
aperture radius of 0.75′ [62]. These cylindrically aver-
aged YSZ values for the confirmed SPT clusters are re-
ported in [62] and recently updated in [68]. In order
4to search for a variation of α, one needs to compare the
YX measured within a radius R with the YSZ obtained
by averaging over a spherical volume within the same ra-
dius R [23, 25]. Since the SPT YSZ are obtained from
cylindrical averaging over an angular aperture of 0.75′,
we first need to convert these values to spherically aver-
aged YSZ [69] within the same radius at which YX was
measured. To do this conversion we follow the prescrip-
tion in [69] (see also [70]). The two can be related using:
Ycyl(R1) = Ysph(Rb)− σT
mec2
∫ Rb
R1
4piP (r)
√
r2 −R21rdr (18)
Ysph(R2) =
σT
mec2
∫ R2
0
4piP (r)r2dr (19)
where Ycyl is the SZ signal within a cylindrical aperture
of radius R1; Rb is the radial extent of the cluster; and
P (r) is the gas pressure in the intra-cluster medium. Sim-
ilarly, Ysph is the corresponding integrated SZ flux within
a sphere of radius R2. To do the conversion, we use the
Universal Pressure Profile as the model for P (r) [69]. We
choose Rb = 10R500. Since the SPT YX are reported at
R500 and YSZ values calculated for an aperture of 0.75
′,
we put R1 = 0.75
′DA in Eq. 18 and R2 = R500 in Eq. 19.
Therefore, from Eq. 18 and Eq. 19, we can estimate the
ratio of Ysph(R500) to Ycyl(0.75
′DA), which is then used
to estimate Ysph(R500). As pointed out by C19, YSZ val-
ues could also be affected by a modification of the adia-
batic evolution of the CMB temperature as a function of
redshift. The SPT collaboration has looked for such a vi-
olation, and their results are consistent with the standard
model of CMB temperature variation with redshift [71].
SPT has also been undergoing a massive X-ray fol-
lowup campaign using both the Chandra and XMM-
Newton telescopes. Some details of the Chandra-based
followups can be found in [72, 73]. Previous studies
for the scaling relation between SPT YSZ and YX (with
Chandra measurements) as well as other Physics results
have been reported in [34, 39, 72–76].
Here, we shall use XMM-Newton followup observations
of 58 SPT clusters described in Bulbul et al [61]. These
XMM-Newton observations have been obtained using a
combination of targeted X-ray followup programs, led
by SPT collaboration members and also other non-SPT
based small programs. The redshift range of this sample
is given by 0.2 < z < 1.5. The exposure time for each
cluster is O(10) ks. More details of the observations and
XMM-Newton data reduction can be found in [61]. YX
values for all the 58 clusters have been provided at R500 in
[61]. For our analysis, we combined these YX parameters
along with the spherically averaged YSZ (converted from
those in [62]), to construct the ratio YSZ D
2
A / CXY Z
YX as a function of redshift. This variation is shown in
Fig. 1. By eye, we see no trends with redshift, thus hint-
ing that there is no variation with redshift. We quantify
this in the next section.
V. ANALYSIS AND RESULTS
To look for variations in α, we fit the observed ra-
tio (Eq. 14) for the SPT cluster sample to the model
in Eq. 17, and obtain the best-fit values of C and γ by
maximization of the log-likelihood. The log-likelihood
function (L) used to test for the variation in α can be
written as,
−2 lnL =
∑
i
ln 2piσ2i +
N∑
i=1
(φobs,i − C(1− γ ln(1 + z))3)2
σ2i
(20)
where φobs,i denote the observed values of ratio in Eq. 12
for SPT clusters, N is the total number of clusters, and
σi denotes the total error calculated as
σ2i = σ
2
φ + σ
2
int (21)
Here, σφ, which is the error in φobs,i is obtained by prop-
agating the error in YX , YSZ , and DA. We also added an
intrinsic scatter term (σint) in quadrature, which we keep
as a free parameter, while maximizing the log likelihood.
This differs from [23] and C19, who used a fixed intrin-
sic scatter of 16%. For calculating DA and its error, we
used the Planck 2018 cosmological parameters [77] (H0
= 67.4± 0.5 km/sec/Mpc and Ωm = 0.315± 0.007).
We maximize the likelihood using the emcee MCMC
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FIG. 2: Constraints on γ , C (defined in Eq. 14) and ln(σint) (defined in Eq. (21)), which are obtained by maximizing the
likelihood in Eq. 20 using the emcee module. The plots along the diagonal are the 1-D marginalized likelihood distributions.
The red line represents the mean value of the distribution quoted right above the histogram. The off-diagonal plots are the two-
dimensional marginalized constraints showing the 68%, 95%, and 99% confidence regions, obtained using the Corner module.
Our results are consistent with no variation of α and an isothermal profile for clusters.
sampler [78]. The 68%, 95%, and 99% confidence level
plots along with the marginalized one-dimensional likeli-
hoods for each of the three parameters are displayed in
Fig. 2. The best fits which we get are γ = −0.046+0.097−0.1
and C = 0.95+0.12−0.11, with an intrinsic scatter of about 26%.
Therefore, our results indicate that there is no evolution
of γ with redshift, implying no variation in α. Further-
more, since the best-fit value of C is consistent with 1.0
within 1σ (similar to C19), we conclude that our cluster
sample can be adequately described by the isothermal
temperature profile. Table. I shows the constraints on γ
from different observations along with our results.
6Data Set γ Reference
Only Gas Mass Fractions +0.065± 0.095 [25]
Angular Diameter Distance + SNe Ia −0.037± 0.157 [28]
Gas Mass Fractions + SNe Ia +0.008± 0.035 [29]
Gas Mass Fractions + SNe Ia +0.018± 0.032 [29]
Gas Mass Fractions + SNe Ia +0.010± 0.030 [29]
Gas Mass Fractions + SNe Ia +0.030± 0.033 [29]
YSZD
2
A/CXY ZYX −0.15± 0.10 [1]
Strong Gravitational Lensing + SNe Ia −0.013+0.08−0.09 (denoted by g) [18]
YSZD
2
A/CXYZYX −0.046+0.097−0.104 This work
TABLE I: A summary of the current constraints from different works (including the result from this work) on a possible time
evolution of α for a class of dilaton runaway models (φ = 1-γ ln(1 + z)).
VI. SEARCH FOR DIPOLE VARIATION OF α
To confirm the dipole variation of α found using quasar
data [10], Galli [23] also searched for a spatial variation
of α. Due to their different redshift and spatial distribu-
tions compared to quasars, clusters offer a complemen-
tary probe to test the claim in [10]. The model for the
dipole variation is given by [23]
∆α
α
= Arcos(θ) (22)
where A represents the dipole amplitude, θ is the angular
separation between clusters and best-fit dipole position
found in [10], r is the lookback time which is given by,
r =
∫ z
0
cdz
′
H(z′)
(23)
For a flat ΛCDM universe, H(z
′
) is given by:
H(z
′
) = H0
√
Ωm(1 + z
′)3 + ΩΛ (24)
Therefore, Eq. 12 becomes(
YSZD
2
A
YXCXSZ
)1/3
= a+ brcos(θ), (25)
where a = Y
1/3
0 and b = A Y
1/3
0 ; Y0 refers to a fixed
reference value for
(
YSZD
2
A
YXCXSZ
)
; and cos(θ) is the angu-
lar position between every SPT cluster and the best-fit
dipole position as reported in [10]. Note that we have
1/3 in the exponent of Eq. 25, unlike 1/3.5 in [23], as we
have assumed (similar to the analysis in Sect. V) that a
variation in α also leads to a violation of CDDR. Fig. 3
shows the ratio
YSZD
2
A
CXYZYX
as a function of rcos(θ) for the
SPT cluster sample.
To get the best-fit value of Y0 and A, we maximize a
log-likelihood similar to that in Eq. 20, after including an
intrinsic scatter. Again, we have used the emcee MCMC
sampler for the optimization. From this analysis, we ob-
tained Y0 = 1.0
+0.047
−0.045 and A = −0.003+0.003−0.003 (GLy−1)
with an intrinsic scatter of about 26%. Therefore, simi-
lar to Galli [23], our results are consistent with no dipole
Data Set A(GLy−1) Reference
Quasar (1.1± 0.25) × 10−6 [10]
Planck ESZ Clusters (−5.5± 7.9 )× 10−3 [23]
SPT Clusters (−3.0± 3.0)× 10−3 This work
TABLE II: . A comparison of different studies showing the
dipole variation of α
10 5 0 5 10
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FIG. 3: YSZ D
2
A / CXY Z YX as a function of rcos(θ) for
the SPT galaxy cluster sample using XMM-Newton observa-
tions [61].
variation. The likelihood distributions of our parameters
along with 2-D marginalized contours are displayed in
Fig. 4. A comparison of parameter A with the previous
studies in literature is summarized in Table. II.
VII. CONCLUSIONS
We search for a variation in α as a function of redshift,
using the dimensionless ratio of the integrated Compto-
ionization to its X-ray counterpart YSZD
2
A/CXY ZYX .
This study follows the same methodology as in C19 [18],
who used Planck-SZ observations in conjunction with
XMM-Newton X-ray observations of 61 galaxy clusters
7Y0 = 1.003+0.0470.045
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FIG. 4: Constraints on Y0, A and ln(σint) (defined in Eq. 25). The plots along the diagonal are the one-dimensional marginalized
likelihood distributions. The off-diagonal plots are the two-dimensional marginalized constraints showing the 68%, 95%, and
99% confidence regions.
with redshifts < 0.5. Similar to C19, we assumed a vio-
lation of cosmic distance duality relation, and parameter-
ized the variation in α as a logarithmic function of red-
shift and encoded in the parameter γ (defined in Eq. 16)
We looked for such a variation using the data from
58 SPT-SZ selected galaxy clusters [62] in the redshift
range 0.2 ≤ z ≤ 1.5, along with X-ray measurements
from XMM-Newton [61]. Hence, our search spans a wider
redshift range than in C19. Our best fit values are given
by γ = −0.046+0.097−0.1 and C = 0.95+0.12−0.11. Therefore, our
results show no significant variation of the fine structure
constant α with redshift in accord with previous results
using clusters. Similar to C19, our inferred value of C
also indicates that our samples are well approximated by
the isothermal temperature profile. A comparison of our
results with previous results in literature are summarized
in Table I.
Finally, similar to [23], we also search for a dipole vari-
ation of α with the best-fit direction equal to the value
found using quasar-based searches [10]. The model we
8use to test for dipole variation is given in Eq. 25. Our
results show no such spatial variation of α, in agreement
with previous studies (cf. Table II).
The first generation SZ surveys from the SPT and
ACT telescopes have been superseded by SPTpol, SPT-
3G [79, 80] and ACTpol [81] respectively, and should
detect about an order of magnitude more clusters upto
redshift of 2.0. On the X-ray side, the recently launched
eROSITA satellite should discover upto 100,000 clus-
ters [82]. Therefore, further robust tests of both the tem-
poral and spatial variations of α should soon be possible.
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